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Abstract 
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Abstract 

 

This thesis work is an experimental study of one type of Semi-Solid Metal casting (SSM) 
process which is called RheoMetalTM. This method is an efficient type of Rheocasting that 
creates a semi-solid slurry within 30 seconds that is used for a high pressure die casting 
machine. The purpose of using a slurry in a high pressure die casting machine is that the 
slurry has a higher viscosity due to its solid fraction. This makes the filling of the die cavity 
more laminar which reduces air entrapment in the casting.  
 
The difficulty with this type of casting is to control the process parameters to be able to insure 
a casting with desired properties. A few studies within RheoMetalTM has already been made 
but there is still a lack of knowledge of to what extent the process parameters affect the slurry. 
The goal in this work is to study how the different RheoMetalTM process parameters influence 
the primary α-Al solid fraction, shape and size. The process parameters that were studied in 
this work was the stirring rate, superheat and EEM amount. In this study, the so called growth 
layer has been removed to make more precise calculations of the primary α-Al. This work also 
aims to study how grain refinement affect the primary α-Al which is commonly used to 
improve the quality of castings. 
 
To be able to perform this study, both practical and theoretical work has been implemented. 
The casting process involved making of ladles and preparation of various equipment. The cast 
samples were then prepared by standard metallurgy procedure for optical analyse of the 
microstructure. A special etching reagent was used to analyse the microstructure in a 
microscope. The etching is called Weck’s reagent and its purpose is to differentiate the growth 
layer from the primary α-Al. The growth layer is formed during quenching and by excluding 
it, the calculation of the slurry’s primary α-Al becomes more precise. This is because the slurry 
is not quenched before it is inserted into the high pressure die casting machine, therefore no 
growth layer is formed.  
To analyse the cast samples, a special program was used to identify and to calculate the solid 
fraction, shape and size of the primary α-Al. 
 
The result from the calculations made by the program gave different tendencies when 
changing the EEM amount. The stirring rate showed a tendency to decrease the solid fraction 
and increase the shape factor. The superheat decreased the solid fraction and increased the 
shape factor. The grain refinement also decreased the solid fraction and increased the shape 
factor. There was no clear tendency showing that the equivalent circular diameter of the 
primary α-Al was affected by any of the parameters. 
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Keywords 

This section will describe important terms that are used in this report. 

Slurry: The result of a melt that has been partially solidified by internal  
(EEM in RheoMetalTM) or external cooling.  

EEM: A solid part of aluminium that is attached to a stirring device that is used for cooling 
and shearing of the melt 

Primary α-Al solid fraction: The amount of solidified primary α-Al in the slurry. 

Primary α-Al shape factor: The shape of the primary α-Al which should be as spherical as 
possible. A shape factor that equals to 1 means that it’s perfectly spherical. 

Primary α-Al equivalent circular diameter: This term is what the diameter of the primary  
α-Al should have been if the shape of the primary α-Al was perfectly spherical. This is done by 
solving the diameter from the area of the primary α-Al in the program Olympus Stream 
motionTM. The equivalent circular diameter is now on also referred to as the “size” of the 
primary α-Al. 

Growth layer: layer of primary α-Al that is formed during quenching of the slurry. 

Globules: Dendritic structure that has become spherical due to stirring. 

Lever rule: A method for calculation the solid fraction by the help of a phase diagram. 

Superheat: The amount of temperature in ˚ C above the melting point of the metal. 
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1 Introduction 

1.1 Background 
 
SSM present some characteristics of great interest for the industry such as superior 
mechanical properties due to lower gas entrapment and shrinkage porosity and longer die life 
compared to High Pressure Die Casting. [1]  
The concept of SSM originates from an experiment made at MIT in the early 1970s by a PhD 
student. Since then two main routes of SSM have evolved which are Thixocasting and 
Rheocasting. [2]  

Thixocasting is performed by preheating a pre-casted billet up to semi-solid range and inject 
into a casting die. Thixocasting process is being used in the industry but due to its high cost, 
the method is not often suitable for companies even though it can enhance the properties of 
their products [2].  
Rheocasting creates a semi-solid slurry from liquid melt and is then injected into the casting 
die. Rheocasting is a more economical because no pre-casted billet is used and the waste 
material during the process can be reused by melting it again. It is also more suitable for fast 
production because of few preparations. Despite its advantages, Rheocasting is not commonly 
used in the industry probably due to insufficient knowledge about the process. To fill this gap, 
the process parameters must be thoroughly studied to be able to control the process [1], [3]. 

There are different types of Rheocasting processes that could be implemented and used in 
different industries. Some of these methods are New Rheocasting Process (NRC), Gas Induced 
Semi Solid (GISS), Swirled Equilibrium Enthalpy Device (SEED), Rheo-diecasting (RDC) and 
RheometalTM. [4] 
 
NRC uses a chilling cup in which the molten metal is poured. The melt temperature is 
controlled by cooling and heating to stabilize the temperature and obtain the desired solid 
fraction. The semi-solid slug is then poured into a die casting machine. The shearing in this 
process occurs when the slug is squeezed into a die. [5]  

Another process that is used when low solid fraction is wanted or a high solid fraction is not 
necessary is (GISS). This is a type of SSM where the slurry is produced by injecting gas 
bubbles through a graphite diffuser to agitate the molten alloys during solidification. The 
limitation of the process is that the solid fraction cannot exceed 20% [4].  

SEED uses a crucible in which the melt is poured and stirred by mechanical rotation of the 
crucible (swirling). This method can create a slurry with high solid fraction. [3] 
 
Rheo-diecasting process uses a twin-screw to create a slurry by shearing and cooling of the 
melt and the slurry is then poured into the shot chamber of a HPDC machine. [6]   

RheometalTM is an effective Rheocasting process in which the slurry can be prepared within 
30 seconds with no need of extensive alterations of the traditional HPDC machine and huge 
investments. The process uses only a stirring device and an Enthalpy Exchange Material 
(EEM).  The EEM is the additive that is immersed in to the melt to stir and cool down the melt 
which becomes the slurry that is poured into the shot chamber of a HPDC machine. 
RheometalTM is based on Rapid Slurry Formation (RSF) technology which creates the slurry in 
a relative short period of time. [7] 
This is interesting for industrial usage where production time is always an important factor. 
To generate confidence for industry to apply RheometalTM in their production, especially in 
critical structural parts, further work need to be performed in process parameters control and 
to ensure the reproducibility of the process [1]. 
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1.2 Description  

RheometalTM involves process parameters that are essential for the soundness of the cast 
component and these parameters can be altered by changing several variables to achieve 
different results. 
The variables that will influence the properties of the slurry are the stirring rate and time, 
the amount of EEM and amount of superheat. These process parameters will define the 
primary α-Al solid fraction, shape and slurry final temperature and consequently influence 
filling and feeding mechanisms. Therefore, a slurry preparation process that produces a 
homogenized slurry in an efficient way is important to achieve the maximum advantages of 
RheometalTM.  
 
How the variables affect the result has been examined in previous studies by Granath et al. [7] 
and Ratke et al. [8] , however it is still difficult to control the solid fraction in 
RheometalTM  process due to it being out of equilibrium. The reasons behind this out of 
equilibrium solid fraction are still unclear and the observation of the microstructures in 
different phases of the process may give essential information to better control the slurry 
preparation. [7]  

This work will focus on the RheometalTM slurry preparation process where a colder solid EEM 
is immersed and stirred in a superheated melt (see Figure 1). Melting and dissolution of EEM 
take place during the process while the melt temperature decrease rapidly. This results in 
nucleation and formation of near-globular primary α-Al in the melt which in turn becomes the 
final slurry. 
To observe the evolution of solidification and melting of EEM during slurry preparation and 
to evaluate the influence of the different parameters in RheometalTM slurry making, 
an experiment apparatus will be used. The apparatus accommodates a stirring device where 
the EEM can be attached, a low volume melt recipient and a quenching box. The quenching of 
the set (melt + EEM) will be made to “freeze” the microstructure at pre-determined times of 
the slurry preparation process and have approximately an “in-situ” observation of the process.  

 

Figure 1 - RheometalTM process [1]. (1) Melt extraction for csting EEM. (2) Pouring of melt to cast EEM. (3) EEM 

attached to stirring device and then immersed into melt to create slurry. (4) Melting and dissolution of EEM, 

slurry is created. 
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1.3 Goals and Research Questions 

The goal in this work is to study the influence of the different Rheometal TM process 
parameters on the primary α-Al solid fraction, shape and equivalent circular diameter. This 

work will also study how grain refinement can alter the primary α-Al solid fraction, shape and 
equivalent circular diameter. If the process parameters can be controlled, an improved casting 
result can be ensured and it would result in a casting method which can optimize the 
performance of products in certain industries. 

To accomplish the goals of this work, the following questions needs to be answered: 

[1] How are the primary α-Al solid fraction, shape and equivalent circular diameter affected by 
RheometalTM process parameters?  

 [2] What effect does the addition of grain refiner have on primary α-Al in RheometalTM? 

1.4 Delimitations  
 
The study will only cover the Rheocasting method called RheomMetalTM. To limit the study 
further, this report will only consider aluminium alloy A356. The extent of how much 
alteration of each process parameter that will be made is also limited due to time. The 
addition of grain refinement will also be limited due to time but also because it alters the 
chemical composition of the melt which can alter the microstructure. Therefore, it was added 
in the end of the experiment so it didn’t affect the results when testing the influence of process 
parameters.    

1.5 Disposition 

The Introduction contain the foundation for this work. It brings up the main problem and 
why this study is necessary. The main purpose and research questions are brought up which 
explains what will be done in the study. 

Theoretical framework gives the report a theoretical support. The report will refer to this 
section to validate different methods and results. 

Experimental procedure is the section that explains what methods that were used and how 
they were executed to make this study possible. 

Results and discussion is the section that contains the results that were gained from the 
experimental procedure. The results are analyzed in a critical way by referring back to the 
theoretical framework. The results will also answer the research questions stated in the 
introduction. 

Conclusions is the chapter where the study will round off by giving final thoughts about the 
results and recommendations about future works.  
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Figure 2 - Weck's reagent showing growth layer in thin white 

boarder around globule. [15] 

2 Theoretical framework  

2.1 Connection between research questions and theory 
 
To be able to give a theoretical background to the first research question “How are the 
primary α-Al solid fraction, shape and size affected by RheometalTM process parameters?” 
the theory “2.2 Influence of process parameters” has been made.  
The theory “2.3 Grain refinement” has been made to give a theoretical background to the 
second research question “What effect does the addition of grain refiner have on primary α-Al 
in RheometalTM?”. 

2.2 Influence of process parameters in SSM 
 
SSM is a method that decrease the amount of gas porosity because of a laminar filling of die 
cavity compared to other conventional casting methods that are commonly used such as high 
pressure die casting. SSM casting have two main methods which are Thixocasting and 
Rheocasting.  
The RheoMetalTM process was developed by Wessén and Cao at Jönköping University. The 
RheoMetalTM casting method is based on RSF and does not require any external cooling. The 
method uses an EEM to stir the melt and thereby cool it and create turbulence to have a final 
near globular primary α-Al structure. [7] 

In a previous experiment performed by Granath et al. [7] the process is explained and how 
process parameters can be altered and analysed. When performing RheoMetalTM  process, the 
aluminium alloy A356 (AlSi7Mg0.3) is used for the EEM and the melt. To be able to stir the 
EEM into the melt during the process, a metal rod is inserted with one of its ends inside a die 
when casting the EEM. In this way, the EEM will attach to the rod when it solidifies. The EEM 
then attaches to a stirring device on which the stirring rate can be altered. To achieve desired 
amount of superheat the furnace was turned off when the melt had been heated to the desired 
amount. The EEM amount, which had the shape of a cylinder with a fixed diameter could be 
varied in weight by cutting them in different heights. [7]   
The slurry was quenched after a desired stirring time to be able to evaluate the quality of the 
slurry and to observe the microstructure. By doing this, different samples can be studied at 
the same stirring time to see how different parameters can affect the microstructure. [9]  

To prepare the cast samples for analyse standard metallurgy procedure for aluminium is used. 
This standard metallurgy procedure uses an etching reagent to give contrast to the 
microstructure. [7] 
An effective way of giving a contrast to the microstructure is colour-etching which gives the 
microstructure different colours that can be observed in an optical microscope.  
A colour-etching reagent that has been used for studying aluminium alloys in SSM is Weck’s 
reagent. Wecks’s reagent is composed of 100 ml distilled water; 4g of  KMnO4; 1g of NaOH 
and is sensitive to solute segregation in cast aluminium alloys (see Figure 2). This reagent 
gives different colours between the original primary α-Al and the growth layer that occurs 
after quenching of the sample. This gives a more precis calculation of the primary α-Al when 
the slurry has been produced. Weck’s reagent has been proven to be effective to characterise  
micro-segregation in aluminium alloy castings such as with alloy A356 (see Figure 2). [10]     
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The main variables that can be altered in the rapid slurry formation process which 
RheoMetalTM is based on are the amount of EEM, melt superheat, processing time and shear 
rate. These variables have been observed that they have significant influence on the final 
properties of the sample. Experiments on how these parameters effect the microstructure of 
the sample has been made. The stirring time increases the roundness of the particles and the 
shear rate tend to have the same effect on the particles. The effect of an increased melt 
superheat tends to decrease slurry formation time and a decrease average grain size. [8] 

The result from the experiment made by Granath et al [7] showed that an increased stirring 
rate tend to decrease the slurry formation time and the average grain size. An experiment was 
also performed to analyse the influence of superheat and the results showed that the fraction 
of α phase decreases slightly with increased superheat. [7] 

2.3 Grain refinement  
 
Grain refinement has been used in aluminium alloy castings since the first half of 1900s. The 
grains in the aluminium will become finer, leading to an improved casting quality. When 
using grain refinement, porosity is decreased. This is because of the size of the grains becomes 
smaller and therefore the space between the grains also decreases, resulting in a finer and 
more dispersed porosity. Mechanical properties will be improved due to a finer and 
distributed porosity. [11] 

The effect of grain refinement has been studied before in the Rheocasting process SEED. The 
used material in this study was the aluminium alloy A356 and the added grain refinement was 
Al5Ti1B. The addition of the grain refinement resulted in improved shape factor and a 
decrease in size of the primary α-Al. [12]    
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Figure 3 – Ladle. 

Figure 4 - EEM with metal rod. 

3 Experimental procedure 

3.1 Connection between research questions and experimental 
procedure 

To be able to answer the research questions “How are primary α-Al solid fraction, shape and 
size affected by RheometalTM process parameters?” and “How grain refiner addition affect 
primary α-Al in RheometalTM?”, a literature review and experimental procedure has been 
implemented.  
The literature review is used to give a theoretical base to this study and to help give the 
authors a deeper understanding of the subject semi-solid metal casting and the problem this 
process is facing.  
A literature review is made by thoroughly compiling existing knowledge about the subject and 
thereby creating the theoretical framework in the report [13]. The sources that are used in this 
report have been found on the search engine Primo through the university’s library.  
 
An experiment is a method that is used where different variables are studied and how these 
variables are affected by other parameters [13]. In this case, the variables that are concerned 
are primary α-Al solid fraction, shape and size. The outcome of these variables are dependent 
on the manipulation made by altering the parameters [13]. The experimental steps in this 
study has been performed with the help of a supervisor at the university with knowledge about 
the specific subject. 

3.2 Test equipment 
 
To be able to answer the research questions some equipment needs to be made. The 
equipment will be ladles, die for EEM and other tools for making the casting and slurry 
preparation possible. Also other equipment that are used to prepare for the casting such as 
furnaces for preheating of ladles to avoid rapid cooling. Later on, the slurry samples will be 
examined in different test equipment such as microscope and spectrometer. 
The ladles (see Figure 3) were created by cutting a tube with an outer diameter of 60mm to the 
height of 70mm. A sheet metal plate was welded to the bottom to keep the melt from leaking. 
For easier pouring and handling of the ladle, a metal plate was welded to the side and bent to 
resemble a handle. 
To stir the EEM into the melt, metal rods were produced in which the EEM will be casted on 
(see Figure 4). The metal rod had the length of 200mm and the diameter of 6mm. The length 
of 200mm was chosen to fit in the stirring device and to be simple to remove after stirring. 
Small cuts were made on the metal rod where the EEM is cast to prevent the EEM from falling 
of the rod during the stirring. 
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Figure 5 - Plier for holding insulation 

around ladle. 

Figure 6 - Test rig. 

3.3 Procedure of first experiment 

3.3.1 Process 
 
The experiment needed certain rearrangements that were conducted at JU- Cast. 
The preparations for the foundry practice started with the preparation of EEM and ladles in 
which the melt would be poured into during the experiment. To be able to stir the EEM into 
the melt, a steel rod was inserted into the die when the EEM was cast. The steel rod can then 
be attached to a stirring device so the EEM can be stirred into the melt [7]. 

The metal used to cast the EEM is the same aluminium alloy (AlSi7Mg0.3) that was used for the 
melt. By making the EEM the same shape as the ladle, a weight percentage of the EEM could 
easily be calculated. The EEM:s were cut into certain heights to achieve weights that would 
correspond to 5% and 7% of the total weight of one cast sample. A furnace was set to 200º C 
for preheating the EEM:s. The main reason for preheating the EEM was to remove any water 
left on the surface from the casting procedure. The ladles were coated to prevent the sample 
from being stuck inside. After the ladles had been coated, they were put into a furnace set at 
600º C to preheat.  
 
The first step of the casting process was to take one preheated EEM and attach it to the 

stirring device (see Figure 5, location 1). The ladle was taken out of the furnace and immersed 
into the crucible to extract the melt. The ladle with the melt was put on the plate directly 
under the EEM (see Figure 5, location 2). To prevent the melt from drastically dropping in 
temperature, insulation was put around the ladle. To attach the insulation around the ladle a 
tool that resembles a plier was used (see Figure 6). A thermocouple was immersed into the 
ladle to keep track of the temperature in order to begin the stirring process at the desired melt 
temperature and to register the temperature throughout the process. The stirring device was 
already running before the EEM was immersed into the ladle to be able to start the stirring 
with full speed. After a specific amount of time the stirring was stopped and the sample was 
quenched to freeze the microstructure. The quenching was done by actuating a lever (see 
Figure 5, location 3) which raised a container with water (see Figure 5, location 4) in order to 
submerge the ladle. When the sample had completely solidified, it was extracted from the 
ladle and marked to help organize all the samples.  
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Figure 7 - Sample after mounting. 

 

3.3.2 Preparations of samples  

When the experiment was complete, the samples was prepared with standard metallurgy 
procedure to be able to study the microstructure with an optical microscope was used [7], 
[14]. This meant that all the samples had to go through different steps of grinding and 
polishing to be able to see any result in the microscope. First, the samples were cut in a 
bandsaw so that the EEM portion of the sample could be extracted. They were also cut to the 
appropriate size to be able to fit in a mounting machine where the sample gets pressed 
together with a resin powder under heat to form a puck with a 50mm diameter (see Figure 7). 
This puck will make the whole process of grinding easier and it will fit in the polishing 
machine that will take 50mm samples. 
The grinding machine will remove scratches from the surface of the sample produced during 
cutting, so that the polishing machine will have a good surface to process. The grinding 
process involves 5 different sandpapers starting from 80 grit to 500 grit. The rotational speed 
of the grinding machine was set to 300rpm and the samples were wet sanded to achieve a 
smoother surface. Here it was important to evenly press the sample against the rotating 
sandpaper to get a uniform grinding surface. After each round of sandpaper the sample was 
rotated 90° to easier see if all the scratches from previous sanding had been removed. The 
sample was then rinsed with water between each round of grinding to remove any debris to 
avoid damaging the sample when starting the next grinding step. This process was repeated 
until all samples had been sanded with the different sandpapers. 
The polishing process will produce a fine surface that is suitable for the microscope. This 
process uses polishing cloths with a fineness of 9 µm, 3 µm and 1 µm and a program for each 
respective cloth. The polishing machine can take up to 6 samples at the same time and the 
process is made automatically compared to the grinding process. The three programs had a 
duration of 15 minutes in total. The polishing cloth was cleaned with water and a brush 
specifically made for each cloth. The samples were rinsed with water between each program 
so that the result of the polishing wasn’t affected as it’s sensitive to dirt. 

Before etching the samples, all the dirt was needed to be removed by using an ultrasonic 
device. With the help of ultrasound, dirt entrapped in small cavities in the samples will come 
loose and a cleaner result is achieved compared to just rinsing with water. Ethanol was used in 
the ultrasonic device instead of just water for a better cleaning effect of the samples. 
The etching process involves dripping Wecks’s reagent on a sample using a pipette and then 
wash the sample after 12 seconds using distilled water. The distilled water will remove any 
excess of the reagent that’s left on the sample, but a normal water tap was also used to wash 
the sample more thoroughly. Ethanol was also use in addition to water to give the samples an 
extra good clean. The samples were put in a microscope to determine if the etching had been 
done sufficiently. 
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Figure 8 - Picture on microstructure before marking. Figure 9 - Picture on microstructure after marking. 

 

3.3.3 Expected results for first experiment  
 
From the theoretical framework there are some expectations of the results of how different 
process parameters for RheometalTM tend to affect primary α-Al solid fraction, shape and size. 
The roundness of the globular should increase with a longer stirring time and a higher stirring 
rate. The amount of superheat tends to affect the process in the manner of the average size of 
the globular α-Al decreases and the slurry formation time is reduced.  

3.3.4 Analysing results from first experiment    
This analyse was made to support the selection of parameters to alter in the 2nd experiment. 

For each sample five images were taken from its microstructure to analyze and to give some 
accuracy of what shape, solid fraction and size the average primary α-Al have. Due to 
problems with the thermocouple for measuring the temperature during the experiment, the 
EEM was inserted into the melt at around 614 ˚C, which is below the melting point of the 
alloy. Hence, before the EEM was immersed some solidification had already started with the 
formation of dendritic primary α-Al. Because of this, dendrites where avoided due the 
uncertainty if they were formed due to the effect of the EEM or pre-solidification. So the 
selected areas for analysis had almost exclusively globular α-Al. 

Weck’s reagent was used to observe and reveal the microstructure [10]. This reagent as 
mentioned before in the theoretical framework reveals different colours for the growth layer 
and the original primary α-Al. This makes it possible to exclude the growth layer when 
calculating the shape factor, solid fraction and equivalent circular diameter. By excluding the 
growth layer, the original size of the α-Al is obtained which makes the calculation more 
precise.  
The etching proved to have to little contrast between the original primary α-Al and the growth 
layer. Because of this, Photoshop was used to increase the contrast and by marking the areas 
that was optically identified as primary α-Al. One of the pictures of a samples microstructure 
that was used for analysing can be seen in Figure 8. The primary α-Al in the same picture was 
marked black by using Photoshop (see Figure 9) so that the program Olympus Stream motion 
which was used to calculate the Shape factor, Size and solid fraction could identify the areas. 
The marked particles were smoothed in Photoshop to remove sharp edges that has occurred 
because the program is pixel based, the level of smoothness was set to 10 pixels. The size of 
the particles is determined in the program by calculating the equivalent circular diameter or 
in other words the diameter of the particle if it was completely circular. The shape factor is the 
factor that describes how circular the particles are. The solid fraction is the percentage of 
primary α-Al in the picture. The five images for each sample were analyzed together and the 
program could then give the average value for the three measured values and the standard 
deviation.      
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The results for the samples and their process parameters are found in table 1 (The analysed 
pictures of the samples is found in Appendix: Pictures from experiment 1). In this experiment, 
no superheat was added to any of the samples. Superheats influence will be studied in the next 
experiment. Some of the results in table 1 was unexpected which led to tendencies of some 
process parameters not following the anticipated trend. When looking at the first two samples 
that only differs in stirring rate there is a slight increase in shape factor in the sample with 
920 rpm. The difference in Equivalent Circular Diameter is very little so no clear tendency can 
be found. The interesting difference between these two samples is the Solid fraction that has a 
clear increase in the sample with higher stirring rate.   
 

Table 1 - Samples from first experiment. 

Stirring 
time (sec) 

EEM 
weight 
percentage 
(%) 

Stirring 
rate 
(rpm) 

Solid 
fraction 

Shape 
factor 

Equivalent 
Circular 
Diameter 
(µm) 

3 5 820 0,13±0,04 0,62±0,17 35±9 

3 5 920 0,22±0,07 0,67±0,19 37±11 

10 5 920 0,27±0,03 0,67±0,18 41±14 

EEM melt 5 920 0,33±0,06 0,47±0,21 46±17 

EEM melt 7 920 0,17±0,02 0,58±0,17 35±8 

3 7 920 0,24±0,08 0,65±0,20 44±17 

 
 
For this first experiment, one of the parameters to analyse was the stirring time. The idea was 
to evaluate 3, 5, and 10 seconds and until the EEM was melted for 5 and 7 wt% EEM. Because 
of errors during the experiment, the stirring times found in table 1 are the stirring times that 
has been analysed due to fewer successful samples than expected. This has led to some 
stirring times not being tested for both 5 and 7 wt% EEM. The two different weight 
percentages should be compared as well to see how the EEM influence the parameters, 
however when analysing the stirring time, the two percentages should be analysed separately 
so the EEM amount won’t influence the analyse. To make a better display of the tendencies, 
the stirring time and influence of EEM amount has been plotted in graphs (see Figure 10 & 

11).  
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Figure 8 - Influence of 5 wt% EEM and stirring time on primary α-Al. 

  

 

 

Figure 9 - Influence of 7 wt% EEM and stirring time on primary α-Al 
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Looking at Figure 10 & 11, the tendency for the shape factor is decreased when the process 
continues until the EEM is melted, for both 5 and 7 wt% EEM. The expected tendency was an 
increasing shape factor with longer stirring time. The solid fraction and equivalent circular 
diameter showed different trends for the percentages which was not anticipated. The 
equivalent circular diameter showed a tendency of decreasing with stirring time for 7% but 
increasing for 5%. The solid fraction decreased with stirring time for 7% but for 5% it 
increased. In Figure 10 the standard deviations for each sample is displayed as a span with the 
same colour as its column.   

The hypothesis for why the samples in this analyse has not followed the expected tendency is 
that the pictures that were taken of the microstructure was taken in areas that seem to have 
good concentration of globular α-Al. This has led to areas with dendritic structure being 
avoided and could have influenced the result. In some of the samples, dendrites can somewhat 
be found in almost the whole microstructure while in some the dendrites are separated from 
the globular α-Al. The samples where the dendrites seem to have a tendency of being 
separated from the globular α-Al are the samples where the EEM can still be found intact to 
some degree. In the EEM, the structure is exclusively dendritic because the EEM was just cast 
in a metal die see Figure 12. While in the samples with longer stirring time where the EEM 
has melted, the dendrites seem to be more scattered throughout the microstructure. The 
hypothesis is that when the EEM melts, the dendrites within are scattered and when the 
pictures of these samples were taken, the chance of them containing dendrites was higher 
which affects the shape factor due to dendritic structure tend to not be as globular.  

 

Figure 10 - Dendritic structure of EEM. 
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Figure 11 - Sample with 3 seconds stirring time, 

picture 1 from panorama. 

Figure 12 – Sample with 3 seconds stirring time,, 

picture 2 from panorama. 

To analyse if the state of the EEM in the sample can affect the results, a comparison between 
one sample with a short stirring time in which the EEM should be intact and a sample in 
which the EEM should be melted. To compare these two samples, a panorama of each sample 
was taken which cover the sample from one end two the other. The images for the panorama 
was taken in row close to the place where the EEM probably was during the example. The 
EEM will be avoided so that its structure won’t appear in the sample where the EEM is 
probably intact so that it won’t affect the analyses of the pictures. Because of the big size of the 
panoramas, they will not be included in the report, instead two pictures from each panorama 
will be used to show how the sample can differ in microstructure. The two pictures from the 
sample with a stirring time of 3 seconds which means that the EEM should not have melted is 

found in Figure 13 & 14. 
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Figure 13 – sample with stirring time until EEM 

completely dissolved, picture 1 from panorama. 

When looking at the pictures, some areas have clearly a higher concentration of dendritic 
structure and some areas with almost exclusively globular structure. The panorama of the first 
sample had few areas with dendrites and the structure was more globular throughout the 
sample. Because of this, it would be easier to find areas with almost exclusively globular alpha 
which would lead to a higher shape factor when analysing the sample.  The dendrites seemed 
to be concentrated in certain areas in the sample and not dispersed through the sample. In 
Figure 13 which is taken in the left part of the panorama, the primary α-Al have a more 
globular shape and a high solid fraction. The second picture (see Figure 14) shows an area with 
high concentrations of dendrites with a seemingly high solid fraction. In these pictures, the 
difference in the quality of etching is also displayed. The quality of the etching in Figure 14 is 
quite good, so separating the growth layer from the primary α-Al won’t be too difficult. In 
Figure 13 however, it is harder to identify what is growth layer and not due to bad etching.  

The first picture was taken close to the edge of the sample which was closer to the walls of the 
ladle when casting. The dendritic area in the first picture can be an effect of the cold walls of 
the ladles in which the melt was poured during the experiment. However it is not certain how 
close to the wall the picture is so it can’t be certain if the cold walls is the only cause of the 
dendrites. The dendritic structure is formed at a lower temperature and because of the cold 
walls of the ladle, a solidification may have started before the globular α-Al was formed. 

The second panorama was taken of a sample with a long stirring time in which the EEM 
should have melted. As before, two of the pictures will show how the structure could differ 
throughout the panorama and the sample. 
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Figure 14 - sample with stirring time until EEM 

completely dissolved, picture 2 from panorama. 

 

 

 

 

 

 

 

 

 

In Figure 15&16, the difference in certain areas of the sample can be seen in the sample with 
stirring time until the EEM dissolved into the melt. In this sample, it was harder to find an 
area with more globular α-Al. Even though the panorama had certain areas with more 
globules and other with more dendrites, the panorama showed dendrites almost everywhere 
but in small concentration. The highest concentration of dendritic structure was found in the 
middle of the panorama where the EEM probably melted. A possible explanation could be that 
even though this sample seem to have dendrites more dispersed throughout the sample, some 
of the EEM structure could still be intact in the middle. If the stirring continued after the EEM 
had completely dissolved the effect could possibly be that the dendritic structure in the sample 
could be even more scattered.   

In the seconds sample with more dendrites throughout the sample it was harder to find areas 
with more globular primary α-Al. Dendrites were probably included even though dendrites 
where avoided when searching for pictures. Hence, with more dendrites in the sample the 
results of the shape factor would be lower. The size of the dendrites are also generally higher 
so this could mean a higher solid fraction depending on the concentration of the dendrites. 

The conclusion is that the results can vary a lot depending on how the pictures for the analyse 
are taken. For the analyze of the next experiment a suitable pattern for taking pictures should 
be implemented and used for all the samples so that the results would not be affected by the 
selection of pictures.    

For the next casting session, more variations of stirring rate are going to be tested to see if the 
same tendency will occur. To evaluate if the stirring rate has a high or low influence on the 
shape factor the difference between each stirring rate setting will be higher during the second 
experiment. In the next experiment, a sample will have stirring time of 5 seconds with 7 wt% 
EEM to analyze if the shape factor will be higher compared to samples with longer stirring 
time as the tendency has been for the samples with 7 wt% EEM. The tendency that has been 
found in previous experiments with Rapid Slurry Formation and RheoMetalTM is that the 
shape factor increases with time and stirring rate due to the α-Al colliding and becomes 
rounder and rounder over time or with higher stirring rate that speeds up the process [7], [8]. 
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3.3.5 Reflections 

The outcome of the first experiment was eleven samples where three of them were made with 
the same settings and was made as a practice, on how to perform the casting to avoid doing 
errors that can alter the results. Some of the samples failed due to different errors in the 
experiment such as the quenching was not done on time, the EEM was not fully immersed and 
the EEM was immersed without rotation. All EEM:s was not used because of samples getting 
stuck in the ladles which resulted in the ladles not being reused for further samples. This 
resulted in six samples and at the start the idea was to make 10 samples with different 
variables. To prevent the castings from getting stuck in future experiment the ladles should be 
examined more thoroughly for welding marks and other things that can lead to the sample 
being stuck inside the ladle after casting. Due to less samples being made only a few process 
parameters could be analysed after this first experiment. The idea was to test the stirring rate 
and the influence of stirring time and EEM amount. Because of this, it can be difficult to give a 
good analyse when some of the parameters will only be evaluated with only two or three 
samples, therefore in the next experiment the possibility of changing the same parameters as 
in this experiment as well as testing new once will be considered. 

3.4 Procedure of second experiment 

3.4.1 Process 

The second experiment was executed similar to the first experiment. This time, everything 
was performed in a more organized way. While the furnaces heated up and while the ingot 
was melting, we went through suspected reasons why some of the results from the first 
experiment did look a bit abnormal. From there we concluded what parameters to change in 
the experiment by writing on a board to keep everything structured and to facilitate the 
procedure. 
 

The EEMs were casted just like in the first experiment using a metal rod and a die to form a 
cylindrical shape. This time only EEMs with a weight percent of 7 were used in the process 
and therefore all EEMs were cut to the same length. The EEMs were preheated in the furnace 
at 200º Celsius. 
Because of last time results, a special tablet was used in the melt whose task was to remove 
gases that causes porosity. This tablet was only used for the final process step and not for 
making the EEMs. 
A hole was drilled at a calculated distance in each of the 6 ladles, this hole acted as an 
indicator by letting the melt pour out as soon as it reached the same level as the hole. This way 
we could be more accurate when pouring the melt and all the samples would be getting the 
same amount of melt. The ladles were also put in a furnace to preheat at 600º C to avoid pre-
solidification. 

3.4.2 Preparation of samples 

The one thing that was made different compared to previous time was that we decided to cut 
one sample bigger than the others. This meant that all the grinding and polishing was made 
without mounting the sample. The reason for the bigger sample was to try to include the 
whole EEM. During the process the EEM can be fragmented in the whole sample and 
therefore a bigger sample would increase the possibility to include more parts of the EEM. 
Another reason for a bigger sample is to study the slurry near the walls of the ladle and in the 
middle where the EEM is to analyze if there is any difference in structure. 

3.4.3 Analyse of microstructure   
 
For the analysis of the second experiment the pictures of the samples were chosen in a pattern 
where one image was taken in the middle and one at each corner of the sample. The images of 
the corners were not too close to the edge of the sample to avoid dendrites that had formed 
due to the cold walls of the ladle. This pattern was not used for the sample where the EEM 
could be intact to avoid the EEM in the middle which can have a great influence on the results 
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due to its structure. The reason for using this pattern for the samples with a stirring time until 
the EEM completely dissolves is to minimize the influence of image selection on the result. 

3.5 Validity and reliability 
 
The literature used in this report are scientific journals and books where some are quite new 
and others older. Older documents can have a lower reliability due to new information and 
discoveries, which can have an impact on the reliability of what is stated in the document. The 
reason for why these sources were used is because limited amount of information about the 
subject or that the literature describes the fundamentals of a method which should not 
change. For example, literature that describes specifically how process parameters can affect 
the microstructure can be limited.  

The methods used for preparation and analysing of the samples was taken from literature that 
describes how these methods are performed. However, how to perform standard metallurgy 
was learned at the school by personal that work at the materials engineering department.  

The analysis of the samples were made by a program to minimize risk of human error and to 
increase reliability. Five images were taken of each samples microstructure however due to 
time limitation for some samples, only three or four images ended up being analysed. But to 
ensure that a large amount of α-Al would be analysed to give validity to the results, the 
number of α-Al being analysed for each sample was eighty or higher. So samples with less α-
Al had more images analysed. 
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4 Results and discussion 
 

4.1 Estimation of solid fraction 
 
Measuring of the temperature with the thermocouple was more successful in the second 
experiment than in the first experiment. This made it possible to perform an estimation of the 
solid fraction with the temperature of the slurry when the process is finished. The estimation 
of the solid fraction can then be compared to the solid fraction from the analysis of the 
samples. To perform the calculation, phase diagrams were made with the help of the chemical 
composition of the samples and the estimation was then made by using the lever rule. The 
chemical composition and temperature of the slurry at the end of the process was used to 
perform the estimation with the lever rule. The phase diagrams and the calculations were 
made in Thermo-CalcTM. The chemical composition for the melt in experiment two can be 
found in table 2 and the chemical composition for the melt when the grain refinement AlTi5B1 
has been added is found in table 3. The addition of the grain refinement into the melt changed 
the composition somewhat which is expected. The resulting estimations for each samples can 
be found in table 4. In table 4, the first sample is the reference which had 20 °C of superheat, 
920 rpm, 7 wt% of EEM and stirring time until the EEM dissolved. The other samples are only 
displayed with how the differ from the reference in the table. The solid fraction for sample 4 
could not be estimated with lever rule in the phase diagram due to its end temperature being 
too high. 

Table 2 - Chemical composition of the melt 

Si Fe Cu Mn Mg Cr Ni Zn Ti 

7,26 0,14 0,09 0,02 0,57 0,004 0,004 0,001 0,11 

 

Table 3 - Chemical composition of melt after grain refinement addition 

Si Fe Cu Mn Mg Cr Ni Zn Ti 

7,08 0,14 0,088 0,017 0,54 0,004 0,004 0,001 0,17 

 

Table 4 - Calculated estimated solid fraction with the lever rule 

Sample End 
temperature 
of the slurry 
(°C) 

Expected solid fraction 

1, REF 609 0,07 

2, 620 rpm 609 0,07 

4, 40 °C superheat 614 0 

5, 112o rpm 607 0,12 

6, Grain refinement 611 0,07 
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When comparing table 4 which show the estimated solid fractions and table 5, which shows 
the resulting solid fraction, it becomes clear that the estimation is not close to the values from 
the analysis of the microstructure. This is probably an effect of the immersion of the EEM 
which cools the melt rapidly which can explain that the solidification is not in equilibrium. 
However, it does not explain why the difference is so high. This was concluded before in a 
previous experiment by Granath et al [7]. However, in this experiment the growth layer has 
been excluded in the analysis which lowers the solid fraction because the primary α-Al 
becomes smaller, but the difference is still large between the calculated and estimated solid 
fraction. The two samples with solid fraction closest to the estimated solid fraction are the one 
sample with 1120rpm and another with added grain refinement. This is due to stirring rate 
and grain refinement has shown the tendency to decrease the solid fraction. The sample with 
five seconds was not taken into consideration, because during 5 seconds the solidification will 
not be as high as a sample with a stirring time until the EEM is dissolved. In experiment two 
the effect of superheat was tested with two different superheat which was 20 ˚C and 40 ˚C. All 
the samples for the second experiment had the superheat of 20 ˚C except for one which had 
40 ˚C. The significant amount of superheat was chosen to examine if the same tendency as in 
the previous experiment performed by Granath et al. [7] would occur. When superheat is 
increased, the solid fraction of primary α-Al has shown a tendency to decrease slightly. The 
chosen amounts of superheats during their experiment was 7 ˚C, 17 ˚C and 27 ˚C [7]. The 
superheat of 40 ˚C in this experiment was chosen to see if the same tendency will occur at a 
higher temperature. 

In the second experiment the influence of grain refinement on the shape factor, solid fraction 
and size of the primary Al-α was analyzed which is the second research question. One sample 
had an addition of 2% of the grain refinement AlTi5B1 and it will be compared with the 
sample that has the same parameters but with no grain refinement.  In the table below, results 
from the seconds experiment is shown (The analysed pictures of the samples is found in 
Appendix: Pictures from experiment 2). 

Table 5 – Results from experiment 2. 

Grain 

refinement 

Stirring 

time 

Stirring 

rate 
(rpm) 

Superheat  

(°C) 

Solid 

fraction 

Shape 

factor 

Equivalent 

Circular 
Diameter 
(µm) 

None EEM 
dissolved 

920 20 0,32±0,04 0,49±0,17 52±20 

None EEM 
dissolved 

620 20 0,26±0,06 0,64±0,18 49±17 

None EEM 
dissolved 

1120 20 0,22±0,07 0,70±0,16 51±16 

Yes EEM 
dissolved 

920 20 0,21±0,04 0,66±0,16 51±16 

None EEM 
dissolved 

920 40 0,15±0,01 0,63±0,18 50±15 



Experimental procedure 

24 

None 5 
seconds 

920 20 0,15±0,01 0,68±0,16 44±12 

 

4.2 The effect of process parameters on the primary α-Al 
 
In the second experiment one sample had a stirring time of 5 seconds and a EEM amount of 7 
wt% as all the samples had in the second experiment. This sample was made to see if it will 
follow the same tendency as the samples with different stirring times and 7 wt% did in 
experiment one. When comparing it to the sample that only differs in stirring time, the solid 
fraction and size are lower but the shape factor is higher in the sample with 5 seconds of 
stirring time. The shape factor follows the tendency that has been seen in experiment one 
where an increasing stirring time decreases the shape factor. The solid fraction and size 
however increased which was not the case in experiment one. 
 
For the second experiment two samples had a stirring rate that differed from the reference 
stirring rate of 920 rpm which has been the reference stirring rate in both experiment. The 
first experiment had one sample with 820 rpm and when it was compared with a sample with 
920 rpm the solid fraction increased in the sample with 920 rpm. The shape factor had a 
slight increase in the sample with 920 rpm and to further analyze if this tendency occurs when 
the stirring rate has a higher difference, two new samples was made with the stirring rate of 
620 rpm and 1120 rpm. It would also be interesting to see how the stirring rate can affect the 
solid fraction.  

 
The expected effect of the stirring rate on shape factor is that it should increase with an 
increased stirring rate. There is a slight increase in shape factor from 620 rpm to 1120 rpm 
but the shape factor in the sample with 920 rpm is much lower compared to 620 rpm which is 
strange and the microstructure should be analyzed further. The size seem to be about the 
same in the three samples. The solid fraction has increased in the sample with 920 rpm but 
the solid fraction in the other two samples have quite close values. 

To simplify the visualization of how the process parameters affect the solid fraction, a graph 
was made (see Figure 17). The graph will only include samples from experiment two to 
minimize potential errors. 
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Figure 15 – Influence of stirring rate on primary α-Al. 

 

 

In Figure 18 the results of how the superheat affects the primary α-Al is found. For the analyse 
of superheat only two different amounts of superheat where tested which was 20 ˚C and 40 
˚C.   The sample in Figure 18 with 20°C of superheat is the reference with a stirring rate of 920 
rpm which has a low shape factor. The Solid fraction decreases with the increased superheat 
which was anticipated. The size seems to be the same in both the samples, it’s just the 
concentration of primary α-Al that decreased which leads to the low solid fraction.  
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Figure 16 – Influence of superheat on primary α-Al. 
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Figure 17 - Influence of grain refinement on primary α-Al. 

4.3 The effect of grain refinement on the α-Al 

In Figure 19 the results of adding a grain refinement can be seen. Only one sample had an 
added grain refinement into the melt which was 2% of AlTi5B1. The sample with no grain 
refinement was the reference for this experiment and has a low shape factor. The Solid 
fraction decreased when the grain refinement was added and the size seems to be around the 
same in both samples. The solid fraction decreased in the sample with an added grain 
refinement and the shape factor increased. The increase in shape factor was expected due to 
the same tendency was shown in the SEED experiment [12]. The size however was expected to 
decrease but no clear tendency can be seen due the standard deviation.  
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4.4 Discussion 
 
The results from the first experiment did not follow the expected tendencies and possible 
causes for this can be the selected areas on the images that were analysed and the state of the 
EEM. If the samples with an intact EEM has more concentrated areas of dendrites, it would be 
easier to find areas with only globular primary α-Al. While other samples seem to have some 
dendritic structure throughout the sample and therefore an area with only globular primary α-
Al was hard to find. A possible solution could have been to select the images by a pattern. 

In the second experiment, a pattern for selecting areas was used for the five samples with a 
process time until the EEM melted. The analysis of these five samples showed a more 
expected tendency. For the stirring rate when looking at the sample with 620 and 1120 rpm 
the shape factor increased with the higher stirring rate. This was expected as when the stirring 
rate is higher, particles becomes rounder. However, the reference sample with 920 rpm 
showed strange results and did not follow this tendency.  
The superheat showed a tendency to decrease the solid fraction. This was as expected because 
with a higher superheat less solidification could occur. The grain refinement followed the 
expected tendency for shape factor but not for the size. There was not expectation for the 
grain refinements influence on the solid fraction. The results from experiment two followed 
the expected tendencies more than that of the results from experiment one. 
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5 Conclusions 
 

5.1  Conclusion  

The results from the first experiment are questionable due to the images for the analyse were 
only selected in areas with certain structure. This means that the images don’t represent the 
structure of the whole sample. In the second experiment, results from the analyse were more 
or less as expected.  
 
Stirring rate: which was tested in the second experiment showed a tendency to increase the 
shape factor and slightly reduce the solid fraction. However, the sample with a stirring rate of 
920 rpm diverts from the tendencies and had a high solid fraction and low shape factor. This 
sample was the reference which means that it was used for comparison for all the process 
parameters. 
  
Superheat: showed a tendency to decrease the solid fraction and the deviation in the images 
was very low which means that the microstructure is more homogenised. The shape factor 
increased with the superheat, but this could be due to it was compared with the reference 
sample which deviated from the tendencies.  
 
Grain refinement: showed a tendency of decreasing the solid fraction and increasing the 
shape factor.  
 

5.2 Recommendations  

From this thesis work, what can be concluded is that the influence of area chosen to analyse 
on the samples is an important factor for the results, especially when the microstructure in the 
sample varies. The results followed the expected tendencies better when a pattern was used 
for all the images taken on the samples in the analysis. However not all samples were cut in 
the same manner due to different shapes because of shrinkage and porosity. So even if the 
same pattern is used for all the samples the pattern can include different areas on different 
samples, depending on how they were cut. To avoid problems with the method of selection 
pictures in future works, the microstructure for the samples should be thoroughly studied and 
then a suitable pattern can be discussed.    

The quality of the etching is also an important factor for the results. In this study, the etching 
could vary in the same sample but also between different samples (see Appendix for the 
samples). In some cases, this led to areas not being desirable or not possible at all to 
extinguish what is the growth layer (see Appendix: Areas that were avoided). Because of that, 
some samples where easier to examine than others. This means that the results for samples 
with better etching would therefore be more reliable. If the etching quality was better, the 
need for manually identification of the primary α-Al and manually excluding the growth layer 
would not have been necessary and the results would probably be more reliable. During the 
etching of the samples it was discovered that the quality of the etching can vary depending on 
how old the reagent is. To ensure a good etching and to simplify analyse of the samples, the 
reagent should be newly made. 

To get more accurate tendency, more samples should be made or more images can be 
analysed for each sample. Having more samples would decrease the chance of one faulty 
sample altering the tendency. More images of each sample would also give a better 
representation of the whole structure. In this study more samples were not made due to errors 
during experiment  
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Appendix 

Pictures from samples experiment 1 

Reference sample with process parameters 920 rpm, stirring time 
until EEM completely dissolved, no superheat, 5 wt% of EEM. 

The other samples will only be identified by how they differ from the reference. So the 
parameters that are not described are the same as the reference. 

 

 

 

 

 

 

 

 

 

 

 

 

Sample with 7 wt % of EEM otherwise 
the same as the reference 
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Sample with 7 wt % of EEM and 

stirring time of 3 seconds 
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Sample with stirring time of 3 seconds 
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Sample with 820 rpm and 3 seconds of stirring time 
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Sample with stirring time of 10 seconds 
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Pictures from samples experiment 2 

The reference sample for experiment 2 had the process parameters 920 rpm, 
superheat 20 ºC, 7 wt% of EEM and stirring time until the EEM completely 
dissolved. 

The other samples will only be identified by how they differ from the reference. 
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The Image above was taken in the middle of the sample where the EEM was operating. 

 

 

 

 

Sample with stirring rate of 620 rpm 
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The Image above was taken in the middle of the sample where the EEM was operating. 

 

 

 

 

 

 

 

Sample with stirring time of 5 seconds 

 

 

 

 

 

 

 

 

 

 

 

 

The Image above was taken in the middle of the 
sample where the EEM was operating. 
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Sample with a superheat of 40 ºC 

 

 

 

 

 

 

 

 

 

 

 

 

The Image above was taken in the middle of 
the sample where the EEM was operating. 

 

 

 

 

 

 

Sample with a stirring rate of 1120 rpm 
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The Image above was taken in the middle of 
the sample where the EEM was operating. 

 

 

 

 

 

 

Sample with grain refinement addition 
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The Image above was taken in the middle of the sample where the EEM was operating. 
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Example of areas that were avoided 

 

 


